Abstract: Laser Speckle Contrast Imaging (LSCI) is a minimally invasive full field optical technique used to generate blood flow maps with high spatial and temporal resolution. The lack of quantitative accuracy and the inability to predict flows in the presence of static scatterers such as an intact or thinned skull have been the primary limitation of LSCI. We present a new Multi-Exposure Speckle Imaging (MESI) instrument that has potential to obtain quantitative baseline flow measures. We show that the MESI instrument extends the range over which relative flow measurements are linear. We also present a new speckle model which can discriminate flows in the presence of static scatters. We show that in the presence of static scatterers the new model used along with the new MESI instrument can predict correlation times of flow consistently to within 10% of the value without static scatterers compared to an average deviation of more than 100% from the value without static scatterers using traditional LSCI. We also show that the new speckle model used with the MESI instrument can maintain the linearity of relative flow measurements in the presence of static scatterers.
Introduction
Laser Speckle Contrast Imaging (LSCI) is a popular optical technique to image blood flow. It was introduced by Fercher and Briers [1] in 1981, and has since been used to image blood flow in the brain [2] [3] [4] [5] [6] [7] , skin [8] [9] [10] and retina [11] . Since LSCI is a full field imaging technique, its spatial resolution is not at the expense of scanning time unlike more traditional flow measurement techniques like scanning Laser Doppler Imaging (LDI). For these reasons LSCI has been used to quantify the cerebral blood flow (CBF) changes in stroke models in the rat [2] and mouse brain [12, 13] and for functional activation studies [4, 14, 15] .
Laser speckle is a random interference pattern produced by the coherent addition of scattered laser light with slightly different path lengths. Motion of these scattering particles cause spatial and temporal modifications of the speckle pattern, either of which can be used to detect the speed of the scatterers [1, 16] . In the spatial domain, these modifications manifest themselves as localized blurring of the image. LSCI quantifies the extent of this localized spatial blurring by calculating a quantity called speckle contrast (K) over a small window (usually 7 × 7 pixels) of the image.
where σ s is the standard deviation and I is the mean of the pixels of the window. For slower speeds, the pixels decorrelate less and hence K is large and vice versa. One limitation or criticism of LSCI is that it can produce good measures of relative flow but cannot measure baseline flows. This has prevented comparisons of LSCI measurements to be carried out across animals or species and across different studies [17] . Lack of baseline measures also make calibration difficult [13] . This limitation has been attributed to the use of an approximate model for measurements [18] . Another limitation of LSCI, especially for imaging cerebral blood flow, has been the inability of traditional speckle models to predict accurate flows in the presence of light scattered from static tissue elements. Traditionally this problem has been avoided in imaging cerebral blood flow by performing a full craniotomy (removal of skull) on the animal. Such a procedure is traumatic for the animal and can disturb normal physiological conditions. Imaging through an intact yet thinned skull can drastically improve experimental conditions by (a) being less traumatic to the animal, (b) reducing the impact of surgery on normal physiological conditions and (c) enable chronic and long term studies [17] . One of the advantages of imaging CBF in mice is that LSCI can be performed through an intact skull [12] . However variations in skull thickness lead to significant variability in speckle contrast values.
We present a new speckle imaging instrument and a new speckle expression that could help overcome these limitations. The influence of speed of the particles on speckle contrast can be quantitatively described using the theory of dynamic light scattering (DLS) [19] through correlation times (τ c ). The correlation time of speckles is the characteristic decay time of the speckle autocorrelation function. The speckle correlation function is a function that describes the dynamics of the system using backscattered coherent light. Under conditions of single scattering from moving particles, small scattering angles and strong tissue scattering, the correlation time can be shown to be inversely proportional to the mean translational velocity of the scatterers [20] . Strictly speaking this assumption that τ c ∝ 1 v (where v is the mean velocity) is most appropriate for capillaries where a photon is more likely to scatter off only one moving particle and succeeding phase shifts of photons are totally independent of earlier ones [20] . Hence great care should be observed when using this expression. We believe that our measurements are made in channels that mimic smaller blood vessels, hence this relation between the correlation time and velocity can indeed be used.
The uncertainty over the relation between correlation time and velocity is a fundamental limitation for all DLS based flow measurement techniques. Nevertheless, quantitative flow measurements can be performed through accurate estimation of correlation times. The correlation times can be related to velocities through external calibration. The speckle contrast can be expressed in terms of the correlation time of speckles and the exposure duration of the camera [1, 18] . Our new instrument obtains speckle images at different exposure durations and uses this multi-exposure data to quantify τ c . Previous efforts to obtain speckle images at multiple exposure durations have been limited to a few durations [21] or to line scan cameras [18, 22] . We present a new technique to obtain images over a wide range of exposure durations (50 μs to 80 ms). To our knowledge this is the first instrument to obtain 2D speckle images over almost 3 decades of exposure durations. We use this Multi-Exposure Speckle Imaging (MESI) instrument to obtain better estimates of correlation times of speckles. Using this new instrument and a new speckle model, we show that we can increase the range over which relative correlation time measurements are linear.
We also develop a new speckle model that accounts for the presence of light scattered from static particles. Our new model applies the theory of time integrated speckle to previous work [23] on static scattered light. Cheng et. al. [24] and Li et. al. [25] showed increased visibility of blood vessels using LSCI when a temporal processing scheme was used. However, they did not quantify the extent to which their technique was accurate or consistent in predicting flows. Zakharov et. al. [26] showed that the influence of static scatterers can be accounted for by using a different speckle model, and cross correlating one speckle image with another which is significantly displaced in time. We note that our model is similar to the one developed by Zakharov et. al [26] , but that our model introduces previously neglected contributions due to nonergodic light and experimental noise. We also identify that the assumption on ergodicity breaks down in the presence of static scatterers and propose a solution to account for nonergodic light. We provide a technique to model and account for experimental noise. The influence of noise and nonergodic light has been neglected in most previous studies. We perform a comprehensive study with a novel tissue phantom to show that the new model used in conjunction with the Multi-Exposure Speckle Imaging (MESI) instrument can predict correlation times consistently in the presence of static speckles.
A robust speckle model
In their introductory paper on speckle [1] , Fercher and Briers related speckle contrast to the exposure duration of the camera and correlation time of the speckles, using the theory of correlation functions and time integrated speckle. The theory of correlation functions has been widely used in dynamic light scattering (DLS) [19] and LSCI is a direct extension of it. The temporal fluctuations of speckles can be quantified using the electric field autocorrelation function g 1 (τ). Typically g 1 (τ) is difficult to measure and the intensity autocorrelation function g 2 (τ) is recorded. The field and intensity autocorrelation functions are related through the Siegert relation [19] .
where β is a normalization factor which accounts for speckle averaging due to mismatch of speckle size and detector size, polarization and coherence effects. Fercher and Briers [1] assumed that β = 1, used Eq. 2 and the fact that the recorded intensity is integrated over the exposure duration to derive the first speckle model.
where x = T /τ c , T is the exposure duration of the camera and τ c is the correlation time. Eq. 3 has been widely used to determine relative blood flow changes for LSCI measurements. Recently, Bandyopadhyay et. al. [18] showed that this formulation (Eq. 3) did not account for speckle averaging effects. They argued that β should not be ignored and also used triangular weighting of the autocorrelation function to develop a more rigorous model relating speckle contrast to τ c :
One disadvantage of these models is that they breakdown in the presence of statically scattered light. This is primarily because these models rely on the Siegert relation (Eq. 2) which assumes that the speckles follow Gaussian statistics in time. In the presence of static scatterers, the fluctuations of the scattered field remain Gaussian but the intensity acquires an extra static contribution causing the recorded intensity to deviate from Gaussian statistics, and hence the Siegert relation (Eq. 2) cannot be applied [23, 27] . This can be corrected by modeling the scattered field [23, 27] as
where E(t) is the Gaussian fluctuation, E s is the static field amplitude and ω 0 is the source frequency. The Siegert relation can now be modified as [23, 27] 
where A = This updated Siegert relation can be used to derive the relation between speckle variance and correlation time as with the other models [18, 22] . Following the approach of Bandyopadhyay et. al. [18] the second moment of intensity can be written using the modified Siegert relation as
The reduced second moment of intensity or the variance is hence
Since g 1 (t) is an even function, the double integral simplifies to [22] 
We note that this expression (Eq. 9) represents a new speckle visibility expression that accounts for the varying proportions of light scattered from static and dynamic scatterers. Assuming that the velocities of the scatterers have a Lorentzian distribution [1] , which gives g 1 (t) = e −t/τ c and recognizing that the square root of the variance is the speckle contrast [18] , Eq. 9 can be simplified to:
where
is the fraction of total light that is dynamically scattered, β is a normalization factor to account for speckle averaging effects, T is the camera exposure duration and τ c is the correlation time of the speckles.
When there are no static scatterers present, ρ → 1 and Eq. 10 simplifies to Eq. 4. However Eq. 10 is incomplete since in the limit that only static scatterers are present (ρ → 0), it does not reduce to a constant speckle contrast value as one would expect for spatial speckle contrast. This can be explained by recognizing that K in Eq. 10 refers to the temporal (temporally sampled) speckle contrast. Our initial definition of K (Eq. 1) was based on spatial sampling of speckles. Traditionally in LSCI, speckle contrast has been estimated through spatial sampling, by assuming ergodicity to replace temporal sampling of speckles with an ensemble sampling [1] . In the presence of static scatterers this assumption is no longer valid [27] . We would prefer to use spatial (ensemble sampled) speckle contrast since it helps retain the temporal resolution of LSCI. In order for our theory to be used with spatial (ensemble sampled) speckle contrast, we propose that a constant term be added to the speckle visibility expression (Eq. 9). We refer to this constant as nonergodic variance (v ne ). We assume that this is constant in time.
The speckle pattern obtained from a completely static sample does not fluctuate. Hence the variance of the speckle signal over time is zero as predicted by Eq. 10. However the spatial (or ensemble) speckle contrast would be a nonzero constant due to spatial averaging of the random interference pattern produced. This nonzero constant (v ne ) would primarily be determined by the sample, illumination and imaging geometries. Since the speckle contrast is normalized to the integrated intensity, v ne would not depend on the integrated intensity. These factors are clearly independent of the exposure duration of the camera, and hence our assumption is quite valid. The addition of v ne should enable us to continue using spatial (or ensemble) speckle contrast in the presence of static scatterers. Later in this paper we will demonstrate the validity of approximating the nonergodic contribution by a constant. We note that this addition of the nonergodic variance is a significant improvement over existing models.
An additional factor that has been neglected is experimental noise which can have a significant impact on measured speckle contrast. Experimental noise can be broadly categorized into shot noise and camera noise. Shot noise is the largest contributor of noise, and it is primarily determined by the signal level at the pixels. This can be held independent of exposure duration, by equalizing the intensity of the image across different exposure durations. Camera noise includes readout noise, QTH noise, Johnson noise etc. It can also be made independent of exposure by holding the camera exposure duration constant. In section 3 we present an instrument that holds camera exposure duration constant, yet obtains multi-exposure speckle images by pulsing the laser, while maintaining the same intensity over all exposure durations. Hence the experimental noise will add an additional constant spatial variance, v noise .
In the light of these arguments, we can rewrite Eq. 10 as:
is the fraction of total light that is dynamically scattered, β is a normalization factor to account for speckle averaging effects, T is the camera exposure duration, τ c is the correlation time of the speckles, v noise is the constant variance due to experimental noise and v ne is the constant variance due to nonergodic light. Eq. 11 is a rigorous and practical robust speckle model that accounts for the presence of static scattered light, experimental noise and nonergodic variance due to the ensemble averaging. We also recognize that while v ne and v noise make the model more complete, they do not add any new information about the dynamics of the system, all of which is held in τ c . Hence we can view v ne and v noise as experimental variables/artifacts. In our ensuing discussions, we often lump them together as a single static spatial variance v s , where v s = v ne + v noise . 
Multi-exposure speckle imaging instrument
The objective for developing a new speckle imaging instrument is based on the need to acquire images that will obtain correlation time information. The requirements include varying the exposure duration, maintaining a constant intensity over a wide range of exposures and ensuring that the noise variance is constant. In order to test the model experimentally, we performed flow measurements on microfluidic flow phantoms. To do this, the exposure duration of speckle measurements had to be changed, while ensuring that our conditions were satisfied. To obtain speckle images at multiple exposure durations we fixed the actual camera exposure duration and gated a laser diode during each exposure to effectively vary the speckle exposure duration T as in Yuan et. al. [15] . This approach ensures that the camera noise variance and the average image intensity are constant. Directly pulsing the laser limited the range of exposure durations that can be achieved. The lasing threshold of the laser diode dictated the minimum intensity and hence the maximum exposure duration that can be recorded. Consequently, the minimum exposure duration would be limited by the dynamic range of the instruments. To overcome this limitation the laser was pulsed through an acousto optic modulator (AOM). By modulating the amplitude of the RF wave fed to the AOM, the intensity of the first diffraction order can be varied, enabling control over both the integrated intensity and the effective exposure duration. Figure 1 provides a schematic of the experimental setup. A diode laser beam (Hitachi HL6535MG; λ =658nm, 80mW Thorlabs, Newton, NJ, USA) was directed to an acousto optic modulator (AOM) (IntraAction Corp., BellWood, IL, USA). The AOM was driven by signals generated from an RF AOM Modulator driver (IntraAction Corp., BellWood, IL, USA) and the first diffraction order was directed toward the sample. The sample was imaged using a 10X ∞ corrected objective (Thorlabs, Newton, NJ, USA) and a 150mm tube lens (Thorlabs, Newton, NJ, USA). Images were acquired using a camera (Basler 602f; Basler Vision Technologies, Germany). Software was written to control the timing of the AOM pulsing and synchronize it with image acquisition. We used a microfluidic device as a flow phantom. A microfluidic device as a flow phantom has the advantage of being realistic and cost effective, providing flexibility in design, large shelf life and robust operation. Our channels were rectangular in cross section (300 μm wide x 150 μm deep). The device was fabricated in poly dimethyl siloxane (PDMS) using the rapid prototyping technique [28] . Titanium dioxide (TiO 2 ) was added to the PDMS [29] (1.8 mg of TiO 2 per gram of PDMS) to give the sample a scattering background to mimic tissue optical properties. The prepared samples were bonded on a glass slide to seal the channels as shown in Fig. 2 and μ s = 8 cm −1 respectively) was sandwiched between the channels and the glass slide, to simulate a superficial layer of static scattering such as a thinned skull (Fig. 2(b) ). The reduced scattering coefficients of the 200 μm static scattering layer were estimated using an approximate collimated transmission measurement through a thin section of the sample. Fig. 2 shows a schematic of the cross-section of the devices.
Results
The experimental setup (Fig. 1) was used in conjunction with the exposure modulation technique to perform controlled experiments on the microfluidic samples. The microfluidic sample without the static scattering layer (Fig. 2(a) ) was used to test the accuracy of the multi-exposure speckle imaging instrument (MESI) and the new speckle model. As detailed earlier (Section 3) the suspension of micro spheres was pumped through the sample using the syringe pump at different speeds from 0 mm/sec (Brownian motion) to 10 mm/sec in 1 mm/sec increments. 30 speckle contrast images were calculated and averaged for each exposure from the raw speckle images. The average speckle contrast in a region within the channel was calculated. We note that in this fully dynamic case, the static spatial variance v s is very small. v s would be dominated by the experimental noise v noise as the ergodicity assumption would be valid and v ne ≈ 0. β is one of the unknown quantities in Eq. 11 describing speckle contrast. Theoretically, β is a constant that depends only on experimental conditions. An attempt to estimate β using a reflectance standard would yield inaccurate results due to the presence of the static spatial vari- Fig. 2(a)) ance v s . Here the ergodicity assumption would breakdown, and v ne would be significant. We would be unable to separate the contributions of speckle contrast from β , v ne and v noise . Instead the value of β was estimated, by performing an initial fit of the multi-exposure data to Eq. 4 with the addition of v s , while having β , τ c and v s as the fitting variables. The speckle contrast data was then fit to Eq. 11 using the estimated value of β and the results are shown in Fig. 3 . Holding β constant ensures that the fitting procedure is physically appropriate and makes the search space of the nonlinear optimization process more reasonable and computationally less intensive. Fig. 3 clearly shows that the model fits the experimental data very well (mean sum squared error: 2.4 × 10 −6 ). The correlation time of speckles was estimated by having τ c as a fitting parameter. The standard error of correlation time estimates was found using bootstrap resampling. Correlation times varied from 3.361 ± 0.17ms for Brownian motion to 38.4 ± 1.44μs for 10mm/sec. The average percentage error in estimates of correlation times was 3.37%, with a minimum of 1.99% for 3mm/sec and a maximum of 5.2% for Brownian motion. Other fitting parameters were v s , the static spatial variance and ρ, the fraction of dynamically scattered light. We note that a priori knowledge of ρ is not required for us to obtain τ c estimates. Hence this technique can be applied to cases where the thickness of the skull is unknown and/or variable.
In order to verify our argument on nonergodicity, we compared the speckle contrast obtained using spatial analysis [1, 2] and temporal analysis [24, 25] . Spatial speckle contrast was estimated by using Eq. 1 and the procedure detailed earlier, while temporal speckle contrast was estimated by calculating the ratio of the standard deviation to mean of the intensities of a single pixel over different frames at the same exposure duration. We performed multi-exposure speckle contrast measurements on the microfluidic devices with different levels of static scattering in the static scattering upper layer ( Fig. 2(a) : μ s = 0 cm −1 and Fig. 2(b) : μ s = 4 cm −1 and μ s = 8 cm −1 ). A suspension (μ s = 250 cm −1 ) of 1 μm diameter polystyrene beads was pumped through the channels at 2 mm/sec. The experimentally obtained temporal contrast (temporal sampling) and spatial contrast (ensemble sampling) curves for each static scattering case is shown in Fig. 4 .
From Fig. 4 we can clearly see that the temporal contrast curves (dotted lines) do not possess Fig. 2(a) ), μ s = 4 cm −1 : 0.9 mg/g of TiO 2 in static scattering layer ( Fig. 2(b) ), μ s = 8 cm −1 : 1.8 mg/g of TiO 2 in static scattering layer (Fig. 2(b) ). Speckle variance curves show that the nonergodic variance v ne is absent in all three temporally sampled curves and in the completely dynamic spatially (ensemble) sampled curve. v ne is significant in the cases with a static scattered layer, when the data is analyzed by spatial (ensemble) sampling. a significant constant variance since the variance approaches zero at long exposure durations. The small offset that we observe is likely due to v noise which remains constant even in the presence of static scattering and does not change as the amount of static scattering increases. However, the spatial (ensemble sampled) contrast curves (solid lines) show a clear offset at large exposure durations when static scatterers were present. We also notice that this offset increases with an increase in static scattering. Again, when no static scatterers were present, the spatial (ensemble sampled) contrast curve does not possess this offset. This provides evidence in favor of the argument that the increase in variance at large exposure durations is due to v ne , the nonergodic variance. We also notice that for the same static scattering level, the variance obtained by temporal sampling is greater than the variance obtained by spatial sampling. This could be due to different β . Though both spatial and temporal speckle visibility increase as the speckle size approaches the size of a detector element of the camera, once the speckle size is greater than a detector element the speckle visibility should not change for the temporal case, while acquiring multiple samples from a single speckle in the spatial case will tend to decrease the speckle visibility. This could lead to the two processing techniques to posses different β values. We note that our objective here is not to compare temporal speckle contrast with spatial speckle contrast, but to utilize the two curves to provide evidence in favor of our model and hypothesis.
One of the significant improvements that the new speckle model provides is its ability to estimate correlation times consistently in the presence of static scatterers. We repeated the flow Fig. 2(a) ), μ s = 8 cm −1 : 1.8 mg/g of TiO 2 in static scattering layer (Fig. 2(b) ).
measurements as detailed earlier, at speeds 0 mm/sec to 10 mm/sec in 2 mm/sec increments. Measurements on the sample with no static scattering layer ( Fig. 2(a) ) served as base (or 'true') estimates of correlation times. Fig. 5 shows the results of this analysis at two different speeds. Clearly, the addition of the static scattering layer drastically changes the shape of the curve. For a given speed, the decrease in variance at the low exposures is due to the relative weighting of the two exponential decays in Eq. 11 which is consistent with results obtained with DLS measurements [23] . The increase in variance at the larger exposure durations is due to the addition of the nonergodic variance v ne . We also note that the new speckle model fits well to the data points. Also, the ρ values decrease with the addition of static scattering, implying a reduction in the fraction of total light that is dynamically scattered. It is important to note that for a given exposure duration and speed, the measured speckle contrast values are different in the presence of static scattered light when compared to the speckle contrast values obtained in the absence of static scattered light. Hence accurate τ c estimates cannot be obtained with measurements from a single exposure duration without an accurate model and a priori knowledge of the constants ρ, β and v s . These constants are typically difficult to estimate. By using the multi-exposure data and the updated model we are able to overcome this problem and reproduce τ c consistently.
To quantify the effects of the static scattering layer on the consistency of the τ c estimates we estimated the deviations in τ c for each speed as the amount of static scatterer was varied. For each speed, the variation in the estimated correlation times over the three scattering cases (Fig. 2(a) : μ s = 0 cm −1 , Fig. 2(b) : μ s = 4 cm −1 and μ s = 8 cm −1 ) was determined by calculating the standard deviation of the correlation time estimates. This deviation was normalized to the base (or 'true') correlation time estimates. Single exposure estimates of correlation time No static scattering layer ( Fig. 2(a) ), μ s = 4 cm −1 : 0.9 mg/g of TiO 2 in static scattering layer ( Fig. 2(b) ), μ s = 8 cm −1 : 1.8 mg/g of TiO 2 in static scattering layer ( Fig. 2(b) ) was used in this analysis. τ c estimates with the new speckle model have extremely low deviation were obtained using Eq. 3, which is appropriate because of its widespread use in most speckle imaging techniques to estimate relative flow changes. For an appropriate comparison, β was prefixed to Eq. 3, and same value of β was used for both the single exposure and MESI estimates. The results for the MESI model and the single exposure case are plotted in Fig. 6 . % Deviation in τ c = Standard deviation in τ c τ c in the absence of static scatterers × 100 (12) Figure 6 clearly shows that the single exposure estimates are not suited for speckle contrast measurements in the presence of static scatterers. The error in the correlation time estimates is high and increases drastically with speed. The new speckle model performs very well, with deviation in correlation times being less than 10% for all speeds. This clearly shows that the new speckle model can estimate the correlation times consistently even in the presence of static scattering.
Discussion
One of the criticisms of LSCI has been the lack of quantitative accuracy of correlation time measures. This lack of quantitative accuracy can be attributed to several factors including inaccurate estimates of β and neglect of noise contributions and nonergodicity effects. The absence of the noise term in traditional speckle measurements can also lead to incorrect speckle contrast values for a given correlation time and exposure duration. The MESI instrument is aimed at reducing this experimental variability in measurements. Since images are obtained at different exposure durations the integrated autocorrelation function curve can be experimentally measured, and a speckle model can be fit to it to obtain unknown parameters, which include the characteristic decay time or correlation time τ c , experimental noise and in the new speckle model, ρ, the fraction of dynamically scattered light. The MESI instrument also removes the dependence of v noise on exposure duration. The new speckle model and the τ c estimation procedure allows for determination of noise with a constant variance. Without these improvements it would be very difficult to separate the variance due to speckle decorrelation and the lumped variance due to noise and nonergodicity effects. We proceeded to test whether the τ c estimates obtained using the MESI instrument were more accurate than traditional single exposure LSCI measures by comparing the respective estimates of the relative correlation time measures. Correlation time estimates from traditional single exposure measures was obtained using the procedure detailed earlier. Relative correlation time measures were defined as relative τ c = τ co τ c ,
where τ co is the correlation time at baseline speed and τ c is the correlation time at a given speed. Correlation time estimates were obtained from the fits performed in Fig. 3 , on multiexposure speckle contrast data obtained with measurements made on the fully dynamic sample ( Fig. 2(a) ). The τ c estimates obtained with the MESI instrument were compared with traditional single exposure estimates of τ c at 1 ms and 5 ms exposures for their efficiency in predicting relative flows. Ideally, relative correlation measures would be linear with relative speed. Relative correlation times were obtained for a baseline flow of 2 mm/sec. Error bars indicate standard error in relative correlation time estimates. Measurements made using microfluidic phantom with no static scattering layer ( Fig. 2(a) ). Fig. 2(a) ), μ s = 4 cm −1 : 0.9 mg/g of TiO 2 in static scattering layer ( Fig. 2(b) ), μ s = 8 cm −1 : 1.8 mg/g of TiO 2 in static scattering layer ( Fig. 2(b) ). New speckle model retains the linearity of relative τ c estimates.
flow. We have shown that the MESI instrument and the new speckle model can provide more accurate measures of relative flow. Figure 7 also shows that even in a case where there is no obvious static scatterer like a thinned skull, there appears to be some contributions due to static scatterers, in this case possibly from the bottom of the channel in Fig. 2(a) . While the fraction of static scatterers is not too significant, it appears to affect the linearity of the curve, and the MESI instrument with the new model can eliminate this error. We now investigate the effect of varying levels of static scattering on estimates of relative correlation times. We have shown earlier that the presence of the static scatterers significantly alters the shape of the integrated autocorrelation function curve in Fig. 5 , for different speeds. We also showed that the new speckle model fits well to the experimentally determined speckle variance curve (Fig. 5) and that the new speckle model provides consistent estimates of τ c even in the presence of static scatterers (Fig. 6) . We proceeded to test whether the correlation time estimates obtained with the MESI instrument and the new speckle model maintained linearity for relative flow measurements (as in Fig. 7 ) in the presence of static scatterers.
Relative correlation time measures were obtained as detailed earlier (Eq. 13) using 2 mm/sec as the baseline measure. The new speckle model and traditional single exposure measurements (5 ms) were evaluated, and the results are shown in Fig. 8 . Fig. 8 shows again why traditional single exposure methods are not suited for flow measurements when static scatterers are present. The linearity of relative correlation time measurements with single exposure measurements breaks down in the presence of static scatterers ( Fig. 8(a) ) while the new speckle model maintains the linearity of relative correlation time measures even in the presence of static scatterers (Fig. 8(b) ). This again reinforces the fact that the MESI instrument with the new speckle model can predict consistent correlation times in the presence of static scatterers.
In our experiments we have tested our new instrument and new model for two different static scattering cases. Although the model yields robust estimates of τ c in all cases that we tested, the model will only work if the speckle signal from dynamically scattered photons is strong enough to be detected in the presence of the static background signal. Therefore, the model and the instrument will ultimately be limited by the signal to noise of the measurements. If the fraction of dynamically scattered photons is too small compared to statically scattered photons, the dynamic speckle signal would be insignificant and estimates of τ c would breakdown. For practical applications, a simple single exposure LSCI image or visual inspection can qualitatively verify if there is sufficient speckle visibility due to dynamically scattered photons and subsequently the MESI instrument can be used with the new model to obtain consistent estimates of correlation times.
Conclusions
We presented a new speckle imaging instrument that has the capability to obtain speckle images over a wide range of exposure durations. We also presented a new speckle model that accounts for the presence of static scatterers. We show that the ergodicity assumption is violated in the presence of statically scattered photons and arrive at a potential solution to account for the presence of nonergodic light. We provide experimental evidence in support of our solution. We show that the Multi-Exposure Speckle Imaging (MESI) instrument when used in conjunction with the new speckle model extends the range over which relative correlation time measurements are linear. This addresses one of the major criticisms of speckle imaging that the linearity of relative correlation time measurements breaks down for large changes in speed. We also show that the new speckle model predicts correlation times consistently in the presence of static scatterers and that the new speckle model retains the linearity of relative correlation time measurements in the presence of varying concentration of static scatterers. Even though the relation between correlation time and average velocity is somewhat uncertain, quantitative estimation of the correlation time would enable calibrated flow measurements. Coupled with the ability to discriminate flows in the presence of static scatterers, the new multi-exposure speckle imaging instrument with the new speckle model would enable us to obtain a complete picture of cerebral blood flow.
